The ClpYQ (HslUV) ATP-dependent protease of Escherichia coli consists of an ATPase subunit closely related to the Clp ATPases and a protease component related to those found in the eukaryotic proteasome. We found that this protease has a substrate specificity overlapping that of the Lon protease, another ATPdependent protease in which a single subunit contains both the proteolytic active site and the ATPase. Lon is responsible for the degradation of the cell division inhibitor SulA; lon mutants are UV sensitive, due to the stabilization of SulA. lon mutants are also mucoid, due to the stabilization of another Lon substrate, the positive regulator of capsule transcription, RcsA. The overproduction of ClpYQ suppresses both of these phenotypes, and the suppression of UV sensitivity is accompanied by a restoration of the rapid degradation of SulA. Inactivation of the chromosomal copy of clpY or clpQ leads to further stabilization of SulA in a lon mutant but not in lon ؉ cells. While either lon, lon clpY, or lon clpQ mutants are UV sensitive at low temperatures, at elevated temperatures the lon mutant loses its UV sensitivity, while the double mutants do not. Therefore, the degradation of SulA by ClpYQ at elevated temperatures is sufficient to lead to UV resistance. Thus, a protease with a structure and an active site different from those of Lon is capable of recognizing and degrading two different Lon substrates and appears to act as a backup for Lon under certain conditions. Energy-dependent degradation in Escherichia coli is carried out by a few different ATP-dependent proteases, each with mostly unique substrate specificities. These include Lon, FtsH, and a number of different Clp proteases (reviewed in reference 10). The Clp proteases are composed of two different multimeric components. The smaller subunit (about 19 kDa) is a peptidase, either ClpP (34) or ClpQ (HslV) (38, 43). The larger subunit is an ATPase, ClpA (84 kDa) (24), ClpX (46 kDa) (13), or ClpY (also called HslU) (49 kDa) (38, 43). Either ClpA or ClpX can associate with ClpP to form an ATP-dependent protease (ClpAP or ClpXP); ClpY associates with ClpQ to form an active, energy-dependent protease. While ClpY and ClpX show significant sequence similarity to each other and to ClpA, ClpP and ClpQ/HslV are not related at the sequence level. ClpP is a serine protease, found in many prokaryotes and in the organelles of many eukaryotes; ClpQ has a catalytic amino-terminal threonine residue and shows significant sequence similarity to the eukaryotic proteasome ␤ subunit (46).
Energy-dependent degradation in Escherichia coli is carried out by a few different ATP-dependent proteases, each with mostly unique substrate specificities. These include Lon, FtsH, and a number of different Clp proteases (reviewed in reference 10). The Clp proteases are composed of two different multimeric components. The smaller subunit (about 19 kDa) is a peptidase, either ClpP (34) or ClpQ (HslV) (38, 43) . The larger subunit is an ATPase, ClpA (84 kDa) (24) , ClpX (46 kDa) (13) , or ClpY (also called HslU) (49 kDa) (38, 43) . Either ClpA or ClpX can associate with ClpP to form an ATP-dependent protease (ClpAP or ClpXP); ClpY associates with ClpQ to form an active, energy-dependent protease. While ClpY and ClpX show significant sequence similarity to each other and to ClpA, ClpP and ClpQ/HslV are not related at the sequence level. ClpP is a serine protease, found in many prokaryotes and in the organelles of many eukaryotes; ClpQ has a catalytic amino-terminal threonine residue and shows significant sequence similarity to the eukaryotic proteasome ␤ subunit (46) .
The genes encoding ClpQ and ClpY, hslVU, initially were identified as heat shock genes by Chuang et al. (5) and subsequently were selected in searches for multicopy plasmids that perturb heat shock regulation by sigma E and suppress the effects of a mutation in htrC in causing sensitivity to amino acid analogs (38) . However, the function of the ClpYQ protease when the genes are present in single copy has remained unknown. One possible function was suggested by work indicating that mutations in hslU (clpY) suppressed a dnaA46 mutation at a high temperature and resulted in smaller cells under some growth conditions (23) .
We began the work described here as part of a project to understand whether ClpY differs significantly from ClpA and ClpX in substrate recognition in vivo. While we found some preliminary evidence of overlap in function between the Clp proteases, we uncovered a significant overlap between ClpYQ and the single-component energy-dependent protease, Lon. Our results suggest that one function of ClpYQ is to serve as a secondary protease for some Lon substrates.
MATERIALS AND METHODS
Bacteria and plasmids. The relevant bacterial strains and plasmids used are listed in Table 1 . plac-sulA2 is in the same vector as p21 (49) but contains a missense mutation in sulA. The mutant protein is degraded in a Lon-dependent fashion. The plac-sulA ϩ plasmid (p21) could not be transformed into the ⌬lon strains used here, presumably because the basal level of SulA expression was sufficient to kill cells in the absence of Lon. pUC4K (52) was used as the kanamycin-resistant plasmid in our Alp tester strain, in place of those described previously (27) . Cells were grown in Luria broth (LB) (47) unless otherwise indicated. Antibiotics were added at the following concentrations, in micrograms per milliliter: ampicillin, 100; tetracycline, 10; and chloramphenicol, 100.
Plasmid constructions. The procedures used for cloning and restriction enzyme digestion were those described by Sambrook et al. (45) . To clone the clpQclpY operon into a plasmid, a 6.5-kb EcoRI DNA fragment containing the clpQ ϩ clpY ϩ operon and the adjoining genes was first isolated from the DNA of Kohara phage miniset 539 (phage 4H12) (28) and then ligated into the unique EcoRI site of pACYC184; the resulting plasmid was designated pWPC80. A 2.1-kb PCR-generated DNA fragment containing clpQclpY with EcoRI (forward primer, 5ЈCCGGAATTCCCGGGGGTTGAAACCC3Ј) and blunt ends (reverse primer, 5ЈAGCCACGCCTGAGTTCGG3Ј) was isolated from pWPC80 DNA and subcloned into the EcoRI and ScaI sites of plasmid pACYC184; the resulting plasmid was designated pWF1 (pACYC184 clpQ ϩ clpY ϩ ). PCR amplification was performed with a Gene Amp kit as recommended by the manufacturer (Perkin-Elmer Cetus). Oligonucleotides were purchased from Bioserve Biotechnologies (Laurel, Md.).
To construct a plasmid which would have an interrupted clpQ or clpY sequence, a cassette encoding chloramphenicol acetyltransferase (cat) with its own promoter was isolated by PstI digestion of pCat19 (9), ligated with either NsiI (interrupts clpQ)-or PstI (two sites within clpY)-digested pWF1 DNA (Fig. 1) . Chloramphenicol-resistant colonies were selected after transformation of JM101, resulting in pWF2 (pACYC184 clpQ::cat clpY ϩ ) and pWF3 (pACYC184 clpQ ϩ clpY::cat). Either pACYC184 or pWF4 was used as a negative control. pWF4 was constructed by cutting with both NsiI and PstI and ligating in the presence of the cat cassette used above. Therefore, this plasmid has deletions of both clpQ and clpY. The structures of pWF2, pWF3, and pWF4 were confirmed by restriction enzyme analysis. The cat gene is inserted such that the promoter faces in the same direction as clpQclpY operon transcription. Therefore, the clpQ::cat insertion is not polar for clpY, as confirmed by examination of the production of ClpY with anti-ClpY antibody (25) in strains carrying the plasmid (data not shown).
Construction and characterization of clpQ::cat and clpY::cat chromosomal mutants. The cat insertion mutations in clpQ or clpY were transferred to the chromosome by linear transformation into DB1255 with pWF2 (to create SG1186) or pWF3 (to create SG1185) cut with SacII and HindIII as previously described (3) . Chloramphenicol-resistant colonies were purified, and the mutations were transduced to the wild-type host SG22119.
The positions of the insertions in the transductants were confirmed in a number of ways. Linkage of chloramphenicol resistance with argE::Tn10 was shown in P1 transductions by selecting for either Arg ϩ or chloramphenicol resistance and screening for the other marker, to confirm the expected location of clpY and clpQ near minute 89. Linkage was 25% when Arg ϩ recombinants were selected after transduction with a clpQ::cat arg ϩ donor and 29% when chloramphenicol-resistant recombinants were selected; therefore, there is no discrimination against clpQ::cat recombinants. Isolates that demonstrated linkage to argE::Tn10 were subjected to Southern blot analysis.
Chromosomal DNA was extracted from wild-type strain SG22119 and insertion derivatives SG22192 (clpQ::cat) and SG22193 (clpY::cat) (47), digested with BglI, and subjected to gel electrophoresis through 1% agarose gels. The resolved DNA fragments in the gels were blotted to N ϩ -bond membranes (Amersham) and subsequently probed separately with biotin-labelled clpQ-, clpY-, and catspecific DNA probes. After overnight hybridization at 42°C, the membranes were washed with washing buffer several times at 42°C as described in the Amersham Photo-Gene nucleic acid detection system instructions and developed with the Amersham ECL system as described by the manufacturer. As expected (see restriction map in Fig. 1 ), a single BglI fragment detected in the wild-type DNA was missing from the clpQ::cat and clpY::cat strains and a new fragment that hybridized with the cat marker was detected in these strains (data not shown).
To further confirm that the ClpQ and ClpY proteins were not being produced from the clpQ::cat and clpY::cat strains, respectively, a Western blot assay with anti-ClpQ or anti-ClpY serum was performed. The antibodies used were raised to proteins purified after the expression of ClpQ and ClpY from T7 promoters (25) . As expected, the clpQ::cat strain made ClpY but not ClpQ, and the clpY::cat strain expressed ClpQ but not ClpY (data not shown).
Cell growth and temperature sensitivity. Overnight cultures of the wild type and both single and double mutants grown at 32°C were diluted into medium, regrown to the mid-exponential phase, serially diluted, and spotted on LB agar plates; efficiencies of plating (EOP) were determined as a function of temperature.
MMS sensitivity. Cells were grown overnight at 30°C in LB, serial dilutions were made in LB or TMG buffer (0.01 M Tris [pH 7.4], 0.01 M MgSO 4 , 0.01% gelatin), and 10 l of each dilution was spotted onto LB agar plates with and without 0.025% methyl methanesulfonate (MMS). EOP were determined by dividing the titer of cells forming colonies on the MMS plate by the titer of those on the LB agar plate after overnight incubation at various temperatures. Precise EOP of lon mutant derivatives at higher temperatures varied with the age of the MMS plate, but the general pattern remained the same in all cases.
SulA turnover in vivo. Cells were grown at 32°C in LB to an optical density at 600 nm of 0.2, collected by centrifugation, and redissolved in a 1/10 volume of 0.01 M Mg 2 SO 4 . Cells were exposed to UV irradiation at 20 J/m 2 and diluted to the original volume in LB, and growth was continued in the dark. addition of spectinomycin (150 g/ml) to inhibit further protein synthesis; for the measurement of SulA decay at 41.5°C, cells were shifted to 41.5°C immediately after UV treatment and incubated for 10 min before spectinomycin addition. Samples were removed at intervals, and the protein was precipitated with 5% trichloroacetic acid in the cold. Pellets were washed with 80% acetone and resuspended in sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) loading buffer (29) . Equal amounts of samples normalized for the original optical density were loaded, electrophoresed by SDS-PAGE (14 or 15% polyacrylamide), blotted to 0.2-m-pore-size nitrocellulose, and probed with anti-SulA antibody (49) . Western blots were developed with the ECL system and quantitated by scanning with an Eagle Eye II (Strategene, La Jolla, Calif.). Visualization of SulA2 (a mutant form of SulA) from plasmid plac-SulA2 was carried out with cells grown in LB-ampicillin and induced for 30 min with isopropyl-␤-D-thiogalactopyranoside (IPTG) before samples were collected and processed as described above.
Enzyme assays. ␤-Galactosidase assays were performed as described by Miller (37) with an SDS lysis method. Cells were grown in LB and assayed by the addition of o-nitrophenyl-␤-D-galactoside. Assays were performed at least twice with samples from independent cultures.
RESULTS

clpQ
؉ clpY ؉ -dependent suppression of lon mutant phenotypes. lon mutants are sensitive to DNA damage and die after exposure to MMS or UV light, due to the accumulation of the unstable Lon substrate SulA, a cell division inhibitor (19, 40) . In addition, lon mutations lead to the stabilization and accumulation of RcsA, a positive regulator for the transcription of genes involved in capsule production, resulting in high levels of transcription of the cps genes (capsule synthesis genes) (11, 35, 48 ; for a review, see reference 12). The clpY ϩ clpQ ϩ plasmid pWF1 and the two mutant derivatives, pWF2 (clpQ::cat clpY ϩ ) and pWF3 (clpQ ϩ clpY::cat) were introduced into either SG22186, a ⌬lon strain, to measure MMS sensitivity or SG20780, a ⌬lon strain carrying a cpsB10::lac transcriptional fusion. In the latter strain, the levels of ␤-galactosidase expression reflect RcsA levels, and cells can also be tested for MMS sensitivity.
The results of these tests are shown in Table 2 . Both the MMS sensitivity and the capsule overproduction of lon mutants were suppressed by the clpQ ϩ clpY ϩ plasmid (lines two and three) but not by clpY or clpQ mutant plasmids (lines four and five). The clpQ ϩ clpY ϩ plasmid but not a mutant plasmid also suppressed the mucoidy of a cps ϩ ⌬lon strain, JT4000 (49), consistent with an effect of ClpYQ on capsule synthesis and not simply an effect on the cpsB::lacZ transcriptional fusion (data not shown). Therefore, it appears that ClpYQ is capable of recognizing two different Lon substrates, SulA and RcsA. Suppression of the DNA damage sensitivity of lon mutants by plasmids overproducing ClpQ and ClpY (HslV-HslU) was independently demonstrated by Khattar in a search for multicopy plasmids that could render lon mutants resistant to nitrofurantoin, an SOS-inducing agent (26) .
To confirm that the MMS-resistant phenotype of ⌬lon mutant cells carrying the clpQ ϩ clpY ϩ plasmid is due to increased degradation of SulA, we measured the accumulation of a mutant form of SulA, SulA2, made from a compatible multicopy plasmid. Western blot analysis with SulA-specific antiserum demonstrated that, while SulA2 could be detected in the lon mutant host (Fig. 2, lane 3 
:cat) showed a significant accumulation of SulA2 (Fig. 2, lanes 5 and 6) . Therefore, SulA2 accumulates only in cells which are MMS sensitive, supporting a model for the recognition and rapid degradation of both chromosomally encoded SulA (based on the MMS sensitivity test results shown in Table 2 ) and mutant SulA2 (Fig. 2) (22) . While we did not test our double mutations at temperatures higher than 42°C, one general conclusion from all studies is that ClpYQ is not essential for E. coli growth in the normal temperature range for this organism, except under special circumstances.
The ability of the ClpYQ protease to degrade Lon substrates when overproduced suggested that it might be responsible for the residual degradation of Lon substrates in lon mutants. SulA, RcsA, and lambda N protein are all degraded at significant rates in a lon mutant (21 were grown at 30°C in LB to an optical density at 595 nm of 0.5 and induced with IPTG at a final concentration of 5 mM for 30 min. Samples were subjected to electrophoresis and Western blotting for SulA as described in Materials and Methods. The lon ϩ host was SG22163, and the ⌬lon host was SG22186; both of these strains carry lacI q integrated at the mal locus and the plac::SulA2 plasmid. Lane 1 was a control loaded with purified SulA. (Table 3) . At elevated temperatures, however, lon mutants were relatively MMS resistant (Table 3 ). This reduced sensitivity to DNA damage at elevated temperatures is consistent with the results of previous work by Canceill and coworkers (4). However, double mutants containing lon and either clpY or clpQ mutations remained significantly MMS sensitive even at 41°C (Table 3 ). This finding is consistent with a contribution of physiological levels of ClpYQ to the degradation of SulA at elevated temperatures. The MMS sensitivity of strains was dependent upon SulA inhibition of FtsZ. lon clpY or lon clpQ mutant cells carrying the ftsZ(SfiB*) mutation, an allele of ftsZ that blocks SulA interaction with FtsZ, were fully resistant to MMS at all temperatures (data not shown).
Contribution of ClpYQ to the turnover of SulA, a Lon substrate. To examine directly the contribution of ClpYQ to the degradation of SulA, we measured the turnover of SulA in lon ϩ , ⌬lon, ⌬lon clpQ::cat, and ⌬lon clpY::cat cells at 32 and 41.5°C. Chromosomally encoded SulA was induced by UV treatment, and decay was measured by Western blotting during a chase period after treatment with spectinomycin to inhibit further protein synthesis. In initial experiments, the turnover of a plasmid-encoded mutant form of SulA, SulA2, was studied. Because the degradation of this protein in lon mutants was more rapid than expected (data not shown), we repeated the experiments with chromosomally encoded SulA either in strains in which SulA was active (ftsZ ϩ ) or in strains in which SulA was unable to act due to a mutation [ftsZ(SfiB*)] in the target of SulA inhibition (4) .
The results of the experiments examining SulA decay at 32°C are shown in Fig. 3A and C; those obtained at 41.5°C are shown in Fig. 3B and D. In separate experiments, no SulA was detected in Western blots of lon ϩ hosts with or without clpYQ; therefore, the half-life could not be calculated directly in these experiments. From previous experiments from various laboratories, we expected a half-life of less than 2 min for SulA in the presence of Lon (21, 40). Kanemori et al. have reported a half-life of 1 to 2 min for SulA in lon ϩ hosts carrying a deletion of hslVU (clpQY) (22) .
At 32°C, SulA was relatively stable in a lon host (half-life, 30 min, comparable to that reported previously); however, it be- came more stable in the lon clpQ and lon clpY double mutants (half-lives, 95 to 120 min; Fig. 3A) . When the degradation of SulA was measured at 41.5°C, SulA was significantly more unstable (half-life, 15 min); here, too, the lon clpQ and lon clpY double mutants showed greater SulA stability (half-life, 45 min; Fig. 3B ). In initial experiments done with a SulA mutant expressed from a plasmid (data not shown) and in other work (51), we noted that SulA is significantly more unstable when the interaction of SulA with FtsZ is absent. To assess the effect of the ClpYQ protease in that situation, we repeated the SulA turnover experiments with a host carrying a mutation in ftsZ that blocks the SulA interaction, called SfiB* (Fig. 3C and D) . As expected, SulA turnover increased in the ⌬lon host (9-min half-life at 32°C and 3.5-min half-life at 41.5°C). However, this increased instability was primarily due to ClpYQ; in lon clpY and lon clpQ mutants, SulA was once more reasonably stable (48-to 60-min half-life at 32°C and 32-to 37-min half-life at 41.5°C). Therefore, at both low and high temperatures, ClpY and ClpQ are primarily responsible for the Lon-independent degradation of SulA, although at least one other protease must also be able to degrade SulA, particularly at high temperatures.
ClpYQ is not associated with Alp ؉ function. We previously reported an activity, called the Alp protease, capable of suppressing Lon (27, 49, 50) . Under conditions in which Alp activity is high, both the UV sensitivity and the capsule overproduction of lon mutants are suppressed. Because these results parallel those seen with ClpYQ overproduction, we were interested in determining whether ClpYQ is responsible for Alp activity. Mutations in clpY or clpQ were transduced into the Alp indicator strain JK6214/pUC4K, and the capsule synthesis phenotype of the cells (an indirect assay for RcsA degradation and therefore Alp activity) was compared to that of the parental clpY ϩ clpQ ϩ host. If the ClpYQ protease is the only protease degrading RcsA in cells expressing Alp activity, we would expect to abolish suppression of lon in the clpY or clpQ mutant. However, no such change was observed; when cells were scored on MacConkey agar plates, strains with or without ClpYQ showed a Lac Ϫ phenotype, consistent with the degradation of RcsA and therefore an Alp ϩ phenotype.
DISCUSSION
The overproduction of the ClpYQ protease leads to the suppression of two lon mutant phenotypes, MMS sensitivity and capsule overproduction, dependent on two different Lon substrates, SulA and RcsA. Furthermore, MMS resistance correlates with a failure to accumulate SulA, consistent with the rapid degradation of SulA when ClpYQ is overproduced. Both subunits of the ClpYQ protease are necessary for SulA degradation. In vitro, both subunits are required for the ATP-dependent degradation of casein (25) . Khattar independently identified ClpYQ in a search for multicopy suppressors of the sensitivity of lon mutants to the SOS inducer nitrofurantoin (26) .
The overlap in substrate specificity between Lon and ClpYQ is observed not only for overproduced ClpYQ but also for the protease produced at normal physiological levels. SulA is more stable in lon clpQ and lon clpY double mutants than in the lon single mutant. At elevated temperatures, this additional stability correlates with increased MMS sensitivity. Therefore, SulA is a natural substrate for ClpYQ under physiological conditions but is normally degraded much more rapidly by Lon, so that no MMS sensitivity phenotype is detected for clpY or clpQ mutants unless Lon is also absent. The existence of secondary, energy-dependent proteases that can degrade SulA in the absence of Lon had been noted before (4, 21) , but the responsible protease had not been identified. More recently, Kanemori and coworkers found that cells devoid of Lon, ClpP, and HslUV (ClpYQ) become sensitive to both low and high temperatures because of the stabilization of SulA; they found, as we have, that ClpYQ contributes significantly to the degradation of SulA in a lon mutant host (22) . They also demonstrated that HslUV can degrade SulA in vitro (22) . From the results of both groups, we can conclude that the degradation by ClpYQ is critical both for maintaining a low basal level of SulA in the absence of induction and for returning SulA to the basal level after transient induction.
SulA acts as a cell division inhibitor by interacting with and inhibiting the activity of FtsZ, an essential GTPase necessary for septum formation (6, 7, 41, 42) . The synthesis of SulA is dependent upon the induction of the SOS response (18, 39) . Under normal (Lon ϩ ) conditions, SulA synthesis increases transiently after DNA damage and the accumulating SulA inhibits cell division. After the damage is repaired, new SulA synthesis ceases and SulA is rapidly degraded, allowing cell division to resume. There is evidence that SulA and FtsZ directly interact and that this interaction can modulate the sensitivity of SulA to degradation. The in vivo stability of SulA is increased in the presence of excess FtsZ (1, 20) , and specific mutations in FtsZ are resistant to SulA inhibition (19, 31, 32) . Recent experiments have demonstrated a direct interaction between SulA and FtsZ (16, 17) .
For SulA to inhibit cell division in a fashion that can be reversed once DNA damage is repaired and new SulA synthesis ceases (33) , the interaction of SulA and FtsZ must be reversible. This reversal may involve either dissociation of SulA from FtsZ sufficiently to allow protease degradation or degradation of SulA directly from the SulA-FtsZ complex by the protease (or both). Because the half-life of SulA is so short (Ͻ2 min) in a lon ϩ host (21, 40, 49) and no SulA accumulates in lon ϩ hosts even when SulA is overproduced from a plasmid (Fig. 2 ), Lon appears able to degrade SulA rapidly whether or not FtsZ interacts with SulA.
For the degradation of SulA by secondary proteases, in particular, ClpYQ, the data suggest that an interaction with FtsZ has a profound effect on the ability of the protease to act. Thus, the half-life of SulA is 30 min in the ftsZ ϩ host at 32°C but only 9 min in the SfiB* host (Fig. 3A and C) . At higher temperatures, there is a similar significant increase in SulA turnover in the absence of FtsZ (Fig. 3B and D) . We can imagine a number of explanations. Possibly, ClpYQ recognizes motifs within SulA that are shielded by FtsZ, while Lon recognizes an unshielded motif. Given the overlap of Lon and ClpYQ activities for both SulA and RcsA, it seems to us more likely that both proteases recognize similar motifs. A second possibility is that SulA and FtsZ dissociate transiently during the SulA-dependent inhibition of cell division and that this dissociation is necessary for degradation by any of the proteases. In this case, the affinity of Lon for SulA may be sufficiently high to allow capture and degradation of the released SulA, while the dissociation is too brief for ClpYQ to capture the dissociated SulA before it reassociates with FtsZ. A final explanation is that while similar motifs are recognized by both proteases, Lon is able to actively dissociate SulA from FtsZ, a necessary step for degradation, while ClpYQ cannot remove SulA from the SulA-FtsZ complex. This model predicts a chaperone-like activity for Lon.
The role of ClpYQ in degrading SulA becomes physiologically important in lon mutants at high temperatures. It had been observed by others that lon mutants are relatively resistant to DNA damage at high temperatures (4), and we have confirmed that finding (Table 3) . We found a shorter half-life for SulA at high temperatures (15 min rather than 30 min). When the ClpYQ protease is inactivated by a mutation, the SulA half-life increases to 45 min and cells once again become MMS sensitive. Therefore, there is a correlation between a longer SulA half-life and MMS sensitivity. These data suggest that, given that a certain amount of SulA is made during a transient induction period, a half-life of 15 min or less is long enough for the level of SulA to fall below the active threshold in an acceptable period of time; when the half-life is 30 min (as it is at 32°C) or longer (as it is in the lon clpQ double mutant at 41.5°C), SulA is present long enough to be lethal. While Canceill et al. (4) found more rapid degradation of SulA at 42°C than at 30°C, as we did, they found very similar half-lives for SulA overproduced from a lac promoter at 30 and 42°C in an SfiB* host and therefore concluded that protection by FtsZ was at least partially lost at higher temperatures. It is possible that under their conditions, the ClpYQ protease is limiting for SulA degradation.
What is the basis for the shorter half-life of SulA in lon mutants at high temperatures? One obvious possibility is increased synthesis of ClpYQ, a heat shock protease, at higher temperatures (5) . This notion assumes that ClpYQ is limiting for SulA degradation at lower temperatures, and it is certainly true that more ClpYQ (presence of a multicopy plasmid in the host) increases SulA degradation and MMS sensitivity even at lower temperatures. Another possibility is that suggested by Canceill et al. (4), a weakening of the SulA-FtsZ interaction. In this case, more rapid degradation might be a secondary consequence of a weaker SulA-FtsZ interaction, providing more opportunity for ClpYQ to degrade the free SulA. However, not all of the FtsZ-SulA interaction can be lost at 41.5°C. If it were, the ftsZ(SfiB*) mutation should have no effect on the half-life of SulA at higher temperatures, and it still has a significant effect ( Fig. 3B and D) . The expression of ClpYQ under the control of a heterologous promoter would help in sorting out whether changing levels of the protease or changing forms of the substrate are most important at high temperatures.
The multimeric structure and protein sequence of the Lon protease and ClpYQ appear to be very different, making the overlap in substrate specificity somewhat unexpected. While the Lon multimer is composed of a single subunit, containing both an ATP binding site consensus sequence and a proteolytic serine active site, ClpYQ is a composite protease, with a catalytic threonine active site in the peptidase subunit and the ATPase activity in a separate subunit (2, 13, 25, 44, 46, 54) . Extrapolating from what is known about the Clp proteases, it seems likely that the amino terminus of Lon, including the ATPase domain, and the ATPase of ClpYQ, ClpY, contain the information for substrate recognition. It has been proposed that the Clp ATPases, the ATPase domain of Lon, and the AAA ATPases (named AAA for ATPases associated with a variety of activities) associated with the eukaryotic proteasome have similar general structures (30) . Hopefully, more information on these predicted shared structures will provide insight into the shared substrate specificity.
Although we demonstrate that the ClpYQ protease is capable of degrading Lon targets and serves as a secondary protease for SulA degradation, it seems likely that there exist naturally unstable proteins for which the ClpYQ protease is the primary protease. These targets remain to be found.
